Stem bromelain that had been irreversibly inhibited with 1,3-dibromo[2-14C]-acetone was reduced with sodium borohydride and carboxymethylated with iodoacetic acid. After digestion with trypsin and oc-chymotrypsin three radioactive peptides were isolated chromatographically. The amino acid sequences around the cross-linked cysteine and histidine residues were determined and showed a high degree of homology with those around the active-site cysteine and histidine residues of papain and ficin.
BY S. S. HUSAIN AND G. LOWE The Dy8on Perrin8 Laboratory, Univer8ity of Oxford, Oxford OX1 3QY, U.K. (Received 31 October 1969) Stem bromelain that had been irreversibly inhibited with 1,3-dibromo[2-14C]-acetone was reduced with sodium borohydride and carboxymethylated with iodoacetic acid. After digestion with trypsin and oc-chymotrypsin three radioactive peptides were isolated chromatographically. The amino acid sequences around the cross-linked cysteine and histidine residues were determined and showed a high degree of homology with those around the active-site cysteine and histidine residues of papain and ficin.
Stem bromelain, isolated from pineapple stem juice, belongs to a group of plant proteinases that depend for their enzymic activity on the thiol group of a cysteine residue. Of these enzymes papain is by far the most thoroughly studied. Chao & Liener (1967) inhibited stem bromelain with iodo[14C]-acetate and showed that the amino acid sequence around the labelled cysteine residue was similar to that around the active-site cysteine residues in papain and ficin (Fig. 1) . Unfortunately the sequence determined was rather short, particularly since the N-terminal cysteine was implied and not proved. Murachi, Miyake & Mizuno (1967) inhibited stem bromelain with N-(4-dimethylamino-3,5-dinitrophenyl)maleimide and after peptic digestion isolated a labelled peptide containing 21 amino acid residues, which was ostensibly in agreement with the much shorter sequence established by Chao & Liener (1967) . pointed out that this sequence was very different from that found around the active-site cysteine residues of papain and ficin, but it is apparent that if five residues were deleted (square brackets in Fig. 1 ) the homology is good for the sequence shown.
Since N-(4-dimethylamino-3,5-dinitrophenyl)maleimide had been used as the inhibitor it was desirable to extend the sequence around the cysteine residue labelled by iodoacetate, as it was conceivable that the two reagents were reacting with different thiol groups. Previous work on papain and ficin had shown that 1,3-dibromoacetone reacted with -the same cysteine residue as iodoacetate and crosslinked the active-site cysteine and histidine residues (Husain & Lowe, 1968a ,b,c, 1970 . It had also been shown that this reagent cross-linked a cysteine and histidine residue (through the N-I position) in stem bromelain within the same enzyme molecule (Husain & Lowe, 1968d) . 1,3-Dibromo[2-14C]-acetone was used therefore to inhibit stem bromelain and to determine the amino acid sequences around the cysteine and histidine residues. These results have been reported in a preliminary communication (Husain & Lowe, 1968e) .
EXPERIMENTAL
Materials and methods were as described in the preceding paper (Husain & Lowe, 1970) Lys-Asn-Gln-Gly-Ser-Cyi3-Gly-Ser-Cys*-Trp Arg-Gln-Gln-Gly-Gln-Cys-Gly-Ser-Cys*-Trp (Cys)-Gly-Ala-Cys*-Trp Lys-Asn-Glu-Asn-Pro-Cys-Gly--[Gly-Gln-Ala- Enzymic activity of bromelain preparations was assayed with casein by the method of Kunitz (1947) as described by Murachi, Yasui & Yasuda (1964) and with Na-benzoyl-L-arginine ethyl ester by using a Radiometer pH-stat. Protein concentrations were determined by measuring E280, taking E'l" to be 19.0 (Murachi et al. 1964 ). Homogeneity of the enzyme preparations was tested by rechromatography of the purified enzyme on a column (25 cm xlcm) of DEAE-Sephadex A-25 (medium grade) as described by Murachi et al. (1964) . The thiol content of the enzyme was determined by the method of Ellman (1959) .
Inhibition of stem bromelain with 1,3-dibromo[2-14C]-acetone. Purified stem bromelain (1.38g) in IM-sodium citrate buffer, pH6.0 (90ml), was activated by adding a solution of cysteine hydrochloride (316mg) and EDTA (70mg) in lM-sodium citrate buffer, pH6.0 (6ml). The activator was separated from the enzyme on a column (45 cmx 3.5 cm) of Sephadex G-25 at 4°C with 0.05M-sodium acetate buffer, pH5.6, containing lmm-EDTA, that had been purged of dissolved air with N2. The enzyme-containing fractions were pooled and the activity assayed with Na-benzoyl-L-arginine ethyl ester on a Radiometer pH-stat. The thiol content was determined by the method of Ellman (1959) .
The activated enzyme in 0.05M-sodium acetate buffer, pH5.6, containing lmM-EDTA (150ml) was treated with 1,3-dibromo[2-'4C]acetone (16mg) in acetone (15ml). The solution was kept at 1800 for 2h. The enzyme was completely inhibited when assayed against NO-benzoyl-Larginine ethyl ester, but against casein some 20% residual activity remained that could not be abolished with iodoacetate (cf. Murachi & Kato, 1967) . The inhibited enzyme solution was concentrated to 60 ml in a rotary evaporator, and the excess of inhibitor was separated on a column (45cmx3.5cm) of Sephadex G-25 with 0.05M-sodium acetate buffer, pH5.6, containing lmM-EDTA. The thiol content was determined by the method of Ellman (1959) .
Reduction and carboxymethylation ofthe inhibited enzyme. The inhibited enzyme solution was evaporated to dryness in a rotary evaporator and the residue was dissolved in 6M-guanidinium chloride (50ml) through which N2 had been bubbled. NaBH4 (0.6g) in water (12.5ml) was added and the solution maintained under N2 at 40°C for 60min. Octan-l-ol was added to minimize frothing and the final pH was 9.8.
Iodoacetic acid (0.8g) dissolved in lM-NaOH (3ml) was added to the reduced solution and the pH was immediately lowered to 8.6 by careful addition of acetic acid. After 15min at 200C excess of NaBH4 was decomposed by acidifying the solution to pH6.0 with acetic acid. The solution was concentrated to 60ml in a rotary evaporator and the reagents were separated from the reduced and carboxymethylated protein on a column (45cm x 3.5 cm) of Sephadex G-25 protected from the light. The column was eluted with aq. 50% acetic acid.
Digestion of the reduced, carboxymethylated and inhibited enzyme. The inhibited protein solution in aq. 5% acetic acid was concentrated in a rotary evaporator to about lOml, and most of the acetic acid was removed by re. peatedly adding water (50ml) and concentrating to about lOml. The solution was made up to lOOml with water and the pH was adjusted to 8.0 with 2m-NaOH. Trypsin (25mg) was added and the pH was maintained at 8.0 at 250C by automatically adding 0.5m-NaOH in a Radio. meter pH-stat. After 3h a-chymotrypsin (25mg) was added and the digestion was continued for a further 4h. To stop the digestion the pH of the solution was lowered to 3.0 by the addition of 2m-HCl.
Chromatography of the digest on Sephadex G-25 with 0.5% acetic acid. The digest was concentrated in a rotary evaporator to 25 ml and applied to a column (160cm x 2cm) of Sephadex G-25 and eluted with aq. 0.5% acetic acid containing 0.2% thiodiglycol. Fractions (4ml) were collected at a flow rate of27.5 ml/h. The E280 was measured and the radioactivity determined by scintillation counting. Fractions 68-84 (peak 1), the major radioactive peak, were pooled, as were fractions 106-116 (peak 2) (see Fig. 2 ).
Chromatography of fractions [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] (Fig. 2 , peak 1) on cellulose phosphate. Fractions [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] (Fig. 2 , peak 1) were evaporated to dryness in a rotary evaporator and dissolved in aq. 10% acetic acid (lOml). The solution was applied to a column (35 cm xlcm) of cellulose phosphate, prepared as described by Husain & Lowe (1968c) . An eight-chamber gradient of pyridine-acetate buffer (each chamber containing lOOml of buffer) as described by Canfield & Anfinsen (1963) was used to elute the peptides. Fractions (2ml) were collected at a flow rate of 27.5ml/h. After the collection of 300 fractions the column was eluted with 0.5M-pyridine-acetate buffer, pH5.6, and 40 more fractions were collected. The radioactive material was largely present in fractions 152-182, which were pooled.
Chromatography of fractions 152-182 from the cellulose phosphate column on DEAE-Sephadex. DEAE-Sephadex was washed with 0.5 x-HCI, water, 0.5 M-NaOH, water and then with 0.2 M-pyridine-acetate buffer, pH 6.0 The anion-exchanger was packed in a column (35cmxlcm) and thoroughly equilibrated with 0.2M-pyridine-acetate buffer, pH 6.0. Fractions 152-182 from the cellulose phosphate chromatogram were evaporated to dryness in a rotary evaporator, and the residue was dissolved in 4342 1970 0.2 M-pyridine-acetate buffer, pH 6.0 (5 ml), and applied to the column. The peptides were eluted with a two-chamber buffer gradient, the first chamber containing 0.2M-pyridine-acetate buffer, pH 6.0 (150ml), and the second 0.4M-pyridine-acetate buffer, pH5.6 (150ml). Fractions (2 ml) were collected at a flow rate of 27.5ml/h. Fractions 20-30, peptide I, and 31-52, peptide II (Fig. 3) , were pooled separately. Chromatography offractione 106-116 (Fig. 2, peak 2) on Sephadex G-25 with aq. 50% acetic acid. Fractions 106-116 (Fig. 2, peak 2) were concentrated in a rotary evaporator to 2ml and chromatographed on a column (140 cmx 1cm) of Sephadex G-25 (fine grade) with aq. 50% acetic acid containing 0.2% thiodiglycol. Fractions (lml) were collected at a flow rate of 6ml/h. Fractions 50-60, which contained most of the radioactivity, were combined.
Chromatography of fraction8 50-60 from the Sephadex G-25 column on cellulo8e phosphate. Fractions 50-60 (above) were evaporated to dryness in a rotary evaporator and dissolved in aq. 10% acetic acid (5ml). The solution was applied to a column (35cm x 1cm) of cellulose phosphate and eluted with a four-chamber pyridine-acetate gradient (each chamber containing lOOml) consisting of the first four buffers in the Canfield & Anfinsen (1963) system. Fractions (2ml) were collected at a flow rate of 27.5 ml/h. Fractions 79-88 (peptide III), which contained most of the radioactivity, were combined.
Paper chromatography of the radioactive peptide8. Pep. tides I, II and III were purified on paper (Whatman no. 3MM) by descending chromatography with butan-l-olacetic acid-water (40:6:15, by vol.). The major radioactive bands were cut out and eluted off the paper with aq. 10% acetic acid. Each of the radioactive peptides thus obtained was chromatographed on a column of Sephadex G-25 (140cm xlcm) with aq. 50% acetic acid to remove contaminants arising from the paper.
Sequential degradation of the radioactive peptide 1I by the 'dan8yl'-Edman technique. Sequential degradation of the radioactive peptide II was performed as described by Gray (1967) . For the first Edman cycle the time of reaction with phenyl isothiocyanate was prolonged (3h at 45°C instead of the usual lh) and the time of cleavage with trifluoroacetic acid during the first cycle was also prolonged (2h at 450C instead of the usual 30min). DNSamino acids were identified on polyamide layers with the solvent system described in the preceding paper (Husain & Lowe, 1970) .
Edman degradation of peptide II. Peptide II (0.3,umol) was dissolved in aq. 50% pyridine (lml) and triethylamine (0.02 ml) and treated with phenyl isothiocyanate (0.02ml) for 4h at 250C. The solvent and the volatile reaction products were removed under high vacuum at 600C. The residue was treated with anhydrous trifluoroacetic acid (lml) for 2 h at 250C, the acid was removed under reduced pressure and the residue was taken up in water (0.5ml) and extracted with ether (3 x lml). The ethereal layer was dried and the residue treated with IM-HCl at 300C for 30min. The amino acid phenylthiohydantoin derivatives were identified by chromatography on silica gel thin-layer plates (solvent 2; Randerath, 1963) . The aqueous layer was chromatographed on a column (140cmxlcm) of Sephadex G-25 with aq. 50% acetic acid (Fig. 4) .
To determine the sequences of the two chains one Edman cycle was performed on peptide II on a larger scale (Il,mol) as described above. The material soluble in the aqueous phase after ether extraction was chromatographed on paper with butan-l-ol-acetic acid-water (40:6:15, by vol.). The ninhydrin-positive non-radioactive band was cut out and eluted off the paper with aq. 10% acetic acid. This peptide was passed through a column (140cmxlcm) of Sephadex G-25 with aq. 50% acetic acid to remove contaminants arising from the paper. Five Edman cycles were performed on this peptide and the amino acid lost on each cycle was determined from amino acid analysis of the residual peptide, as described by Konigsberg (1967) . 1968c), and gave a positive reaction with Ehrlich reagent. Digestion with trypsin and a-chyrnotrypsin gave a Each analysis was normalized to glutamic acid. CMCys, mixture of peptides, which were first applied to a S-carboxymethylcysteine. Sephadex G-25 column (Fig. 2) . The radioactive Amino
No. of residues fractions 68-84 (peak 1) and fractions 106-116 acid , peak 2) were pooled separately. Peptide I Peptide II Peptide III Peak 1 (Fig. 2) Table 3 . Amino acid analyses of the leucine aminopeptidase digest8 of peptide8 1, 11 and III Tables 1, 2 and 3 . End-group analysis ofpeptide I revealed only one N-terminal residue, asparagine (Table 4) . End-group analysis and sequential 'dansyl'-Edman degradation on peptide II (Table  5 ) confirmed this and indicated these two peptides had identical N-termini. It seemed likely that only one N-terminal residue was observed because the other remained attached to the peptide through the cross-linking reagent. One cycle of Edman degradation on peptide II followed by gel filtration on Sephadex G-25 showed that the major radioactive peak was now more retarded and presumably therefore of lower molecular weight than peptide II, which was the minor radioactive peak (Fig. 4) . Sephadex G-25, however, did not separate the radioactive peptide from the non-radioactive peptide, but this was achieved directly in another experiment by paper chromatography. The amino acid analysis of the non-radioactive peptide together with the analysis of the residual peptides after five Edman degradations is shown in Table 6 acid sequence around the active-site cysteine was found by Chao & Liener (1967) to be Gly-Ala-CysTrp, the C-terminus of the histidine peptide must be tyrosine (see Table 2 ) and the N-terminus must be the cross-linked histidine residue. Peptides I and II therefore have the structures shown in Fig. 5 Val,Gly-Pro-Cys-Gly Asn-Lys-Val sp-His*-Ala-Val.al-Ala VailGy-Tyr Husain & Lowe (1968) Ficin Thr[Gly-Pro-Cys-Gly Thr-Ser-Leu Asp-His*-Ala-Val-Ala Leu Husain & Lowe (1970) Fig. 6 . Amino acid sequences around the active-site cysteine and histidine residues (asterisked) in stem bromelain, papain and ficin. The high degree of homology between these three plant proteinases is evident; identical residues in the different enzymes are outlined.
The amino acid sequence around the cysteine and histidine residues cross-linked by 1,3-dibromo-[2-14C]acetone in stem bromelain when compared with the amino acid sequence around the active-site cysteine and histidine residues of papain and ficin (Fig. 6 ) leave no doubt that these residues are the active-site cysteine and histidine residues in stem bromelain. It was surprising to find, however, in view of the aspartic acid residue adjacent to histidine in papain and ficin, that histidine was the Nterminal residue in the peptide isolated from 1,3-dibromoacetone-inhibited stem bromelain after tryptic and a-chymotryptic cleavage. However, it was found that although the inhibited stem bromelain was totally inactive against NX-benzoyl-Larginine ethyl ester, it showed 20% of its initial activity against casein. This residual proteolytic activity (which was not inhibited by further treatment with iodoacetate) may account for this unexpected cleavage.
